A series of barbituric acid doped carbon nitride (CN-BA) photocatalysts were successfully prepared by copolymerizing dicyandiamide with barbituric acid (BA). Under AM1.5 simulated sunlight, CN-BA photocatalysts exhibit enhanced photocatalytic activity compared to pure carbon nitride for the degradation of aniline. The highest activity is obtained with 2% doped CN-BA photocatalyst. Results: on the photodegradation of aniline indicate that for the optimized CN-BA photocatalyst, the concentration of aniline solution was reduced gradually from 16 mg/L to 1.354 mg/L in 2 h. This corresponds to a 6 times higher photodegradation efficiency than pure carbon nitride samples. The enhanced photocatalytic activity of CN-BA relies on the enhanced surface area, the higher light absorption and the reduced recombination of the photo-generated electron-hole pairs. This interpretation results from multiple characterizations with EPR, BET, N 2 adsorption, Solid-state 13 C NMR, UV-vis DRS, FESEM, and TEM. Under simulated sunlight irradiation, CN-BA is excited and generates electron-hole pairs. The photogenerated electrons in the CN-BA conduction band react with the molecular oxygen to form
a b s t r a c t
A series of barbituric acid doped carbon nitride (CN-BA) photocatalysts were successfully prepared by copolymerizing dicyandiamide with barbituric acid (BA). Under AM1.5 simulated sunlight, CN-BA photocatalysts exhibit enhanced photocatalytic activity compared to pure carbon nitride for the degradation of aniline. The highest activity is obtained with 2% doped CN-BA photocatalyst. Results: on the photodegradation of aniline indicate that for the optimized CN-BA photocatalyst, the concentration of aniline solution was reduced gradually from 16 mg/L to 1.354 mg/L in 2 h. This corresponds to a 6 times higher photodegradation efficiency than pure carbon nitride samples. The enhanced photocatalytic activity of CN-BA relies on the enhanced surface area, the higher light absorption and the reduced recombination of the photo-generated electron-hole pairs. This interpretation results from multiple characterizations with EPR, BET, N 2 adsorption, Solid-state 13 C NMR, UV-vis DRS, FESEM, and TEM. Under simulated sunlight irradiation, CN-BA is excited and generates electron-hole pairs. The photogenerated electrons in the CN-BA conduction band react with the molecular oxygen to form
• O 2 − . Part of the
• O 2 − transforms into • OH, which further oxides aniline. Meanwhile, photo-generated holes in the valence band of CN-BA can benefit to the formation of
• OH or directly oxide aniline. © 2017 Published by Elsevier B.V.
Introduction
Aniline is an important precursor and intermediate compound which has been widely applied in the industrial production of polyurethanes, pharmaceuticals, pesticides and rubber additives [1, 2] . However, aniline is a highly toxic and cancer-causing compound which is now considered as a major environmen-tal pollutant. Nowadays, the major treatment processes for industrial aniline wastewater are based on bio-degradation and physical-adsorption methods [3] . But the aniline bio-degradation efficiency is quite low because of its high biological-toxicity. Physical-absorption method is costly and unsuitable for degrading low-concentration industrial aniline wastewater. Therefore, it is critical to look for a low-cost, high-efficient and environmental friendly method for treating industrial aniline wastewater.
In recent years, semiconductor-based photocatalytic degradation has been regarded as a low cost, efficient and environmental friendly strategy to treat wastewater containing aniline [4] [5] [6] [7] [8] . TiO 2 have been widely used as a photocatalysts for the photocatalytic degradation of aniline in an aqueous solution under visible light irradiation. However, TiO 2 can only respond to UV irradiation, so there is a weak visible-light response when using TiO 2 -based photocatalysts which strongly limits its practical applications under solar light. Therefore, developing novel high visible-light-response photocatalysts with high-efficiency and stability has become a hot topic in the field of the photocatalytic degradation of aniline.
Recently, a polymeric semiconductor photocatalyst, graphitic carbon nitride (CN), has attracted a great attention because of its relative narrow band gap, sufficiently negative conduction-band position and high chemical stability [9] . However, the photocatalytic activity of CN versus the degradation organic pollutants is quite low because of its relatively fast charge recombination and insufficient absorption in the visible-light spectral range. To improve the photocatalytic performance of CN, various modification methods have been applied through structure regulation [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , doping [20] [21] [22] [23] [24] [25] [26] [27] , surface hetero-junction and copolymerization [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Among those methods, copolymerization of CN has been regarded as an efficient route, not only for obtaining an enhance light-absorption, but also for creating surface hetero-structures which could reduce the recombination of photogenerated electron-holes.
In this study, barbituric acid doped graphitic carbon nitride (CN-BA) photocatalysts were synthesized by copolymerizing dicyandiamide (DCDA) with barbituric acid (BA) to improve the optical absorption, electronic and photoelectric properties of carbon nitride. Moreover, the catalytic activity of CN-BA versus the degradation of aniline in aqueous solution was investigated for the first time. All as-prepared CN-BA samples exhibited a higher photocatalytic degradation of aniline in aqueous solution respect to pure CN and the CN-BA-2.0 sample (see details in the experimental section) resulted in the highest photocatalytic activity. The concentration of aniline in aqueous solution degraded from 16 to 1.354 mg/L in the presence of CN-BA-2.0 under simulated sunlight irradiation for 2 h. The structure, surface area and optical properties of CN-BA samples were characterized by XRD, SEM, TEM, XPS, DRS and EPR spectra. The combined benefits of the BA doping in terms of optical, surface and texture properties lead to a significant improvement in the photocatalytic activity for degradation of aniline in aqueous solution under simulated sunlight irradiation. The mechanism leading to the photocatalytic degradation of aniline was also investigated systemically.
Experimatal methods

Chemicals
All chemical reagents were of analytical grade. Dicyandiamide and barbituric acid (BA) were purchased from Sigma-Aldrich Química. Deionized water was used throughout in photocatalytic experiments.
Synthesis of CN and CN-BA
For the synthesis of CN samples, 2.0 g of dicyandiamide were sealed in a quartz boat and heated in air to 550 • C for 4 h with a heating-rate of 2.3 • C/min [38] .
The BA doped CN samples were synthesized from dicyandiamide and BA by a thermal polymerization process. In a typical process, 2.0 g of dicyandiamide and different quality of BA were dispersed in 20 mL of deionized water. Water was successively removed by heating at 100 • Cunder stirring. The dried solid was grinded, transferred into a quartz boat and be calcined in air at 550 • C for 4 h at the heating-rate of 2.3 • C/min. Resulting samples were denoted as CN-BA-X, where X (0.2, 0.5, 1.0, 2.0, 3.0) represents the mass fraction of BA.
Characterization
Crystallographic phases of powder were analyzed by X-ray diffraction (XRD) from X'Pert PRO. Fourier transformed infrared (FTIR) spectra were acquired with a Nicolet Magna-IR 170 spectrometer. The solid-state [13] C NMR spectra were recorded using a Bruker Advance III 500 spectrometer. X-ray photoelectron spectroscopy (XPS) measurements were performed on Thermo ESCALAB 250Xi instrument with a monochromatized Al Ka line source (150 W). Electron paramagnetic resonance (EPR) measurements were performed on a Bruker ER200-SRC spectrometer. The UV-vis diffuse reflectance spectra (UV-vis DRS) were recorded on a U-41000, HITACHI spectrophotometer, Tokyo, Japan by using BaSO 4 as a reflecting sample. Surface morphology and structure were examined by ZEISS Ultra 55 field-emission scanning electron microscope (FESEM). Transmission electron microscopy (TEM) images were collected by using a JEM-2100HR field emission electron microscope. The Brunauer-Emmett-Teller (BET) surface area was determined with a Quantachrome Instruments Quadrasorb SI.
Photocatalytic test for degradation of aniline
The concentration of aniline in the aqueous solution was measured using a colorimetric method. In a typical experiment, the photocatalytic degradation of aniline was measured using a 300 W Xe lamp (AM 1.5, output light current is 15 A) as simulated sunlight. 100 mg of the as-prepared photocatalyst were added into 150 mL of an aqueous solution containing an aniline concentration of 16 mg/L. The suspension was stirred for 30 min with light irradiation to reach the absorption-desorption equilibrium. Then simulated sunlight irradiation was activated by shining the suspension with a 300W Xe lamp (output light intensity is 1 sun, AM 1.5, 100 mW/cm 2 ). At time intervals of 30 min, the solution was sampled and centrifuged to remove the catalysts. The concentration of aniline within the centrifuged solution was determined by a colorimetric method. The detection limit method was estimated to be 1.6 mg/L.
The colorimetric method
The KHSO 4 (50 g/L), NaNO 2 (50 g/L), NH 3 SO 3 NH 2 (25 g/L) and N-(1-Naphthyl) ethylenediaminedi hydrochloride (20 g/L) solutions were prepared in 50 mL conical flasks, respectively. 1 mL of the photodegraded (centrifuged) solution and 9 mL of deionized water were introduced into the 25 mL test tube with a glass stopper, then 1 mL of KHSO 4 solution was added to the solution. After that, a drop of NaNO 2 solution was introduced into the solution. Finally the NH 3 SO 3 NH 2 solution was used to wipe out the NaNO 2 excess by adding into the above mixture until a uniform solution was formed. After bubbles were entirely wiped out, 1 mL of N-(1-Naphthyl) ethylenediamine dihydrochloride chromogenic agent was added and the solution was diluted to 25 mL with deionized water. The absorbance of the aniline solution was then detected by 1 cm cell at 545 nm on a UV-vis spectroscopy after 30 min.
Photo-electrochemical experiments
To prepare the working electrodes, 300 mg of the sample and 20 mg 2-Naphthol were grinded and dispersed in ethanol to form a slurry. Then the slurry was coated on FTO conductive glass sheet. After drying at 120 • C for 2 h in vacuum, the working electrodes were obtained. Photocurrent measurements were carried out in a conventional three-electrode electrochemical workstation (CHI 660E). Pt sheet and Ag/AgCl electrode were used as the counter and reference electrodes, respectively. A 0.5 M Na 2 SO 4 aqueous solution served as the electrolyte. The irradiated area of the working electrode was 1 cm 2 . The intensity of the incident light was 100 mW/cm 2 (AM 1.5 G, 300-W xenon lamp). The 320 s period on-and-off photocurrent responses of CN and CN-BA-2.0 samples were obtained at 0 V bias vs Ag/AgCl.
Results and discussion
XRD and FTIR characterization
XRD analysis was applied to check the crystal phase of CN and CN-BA samples. As shown in Fig. 1A , XRD patterns of pure CN and BA-doped CN samples show distinct diffraction peaks at 13.0 • and 27.3 • , suggesting that the BA doping does not change the CN phase structure. The diffraction peak at 13.0 • was indexed to the (100) plane, corresponding to the interlayer structural of CN sheets. The diffraction peak at 27.3 • was indexed to (002) plane, the graphitelike material.
FTIR spectra (Fig. 1B) were recorded for CN and CN-BA-2.0 samples. The similar stretch peaks were observed, suggesting that the BA doping does not alter the core chemical skeleton integrality of CN. Typical stretch modes of aromatic CN heterocycles in the region of 1200-1600 cm −1 and breathing mode of the heptazine units (C 6 N 7 ) at 810 cm −1 were observed in both CN and CN-BA-2.0 samples, confirming the presence of a triazine phase. In addition, we could observe that broad bands appear in the range of 2900-3700 cm −1 due to the N H vibration and H 2 O molecules.
XPS characterization
XPS measurements were conducted to get insights into the chemical composition and chemical state of the elements in the BA-doped CN samples. As shown in Fig. 2A , the survey spectra of CN-BA-2.0 and CN indicate the presence of C, N and O elements without other contaminants, which confirms that the elemental composition corresponds to CN-BA-2.0 and CN samples. Fig. 2 B shows the high-resolution C1 s spectra of CN-BA-2.0 and CN samples. Two peaks were observed for the CN sample at 285.1 eV and 288.6 eV, corresponding to C N C and C (N) 3 , respectively. Compared to the CN sample, the two peaks for CN-BA-2.0 were slightly shifted and located at 285.2 eV and 288.5 eV, respectively [39] . This slight shift in the peaks of CN-BA-2.0 is probably due to introduction of BA into the framework of CN, which changes its binding energy. Fig. 2C presents the high-resolution N1 s spectra of CN-BA-2.0 and CN samples. Four peaks of the CN sample can be distinguished at 398.9 eV, 399.8 eV, 401.1 eV and 404.6 eV. The stronger peak at 398.9 eV was assigned to the ring nitrogen in the sp2 C N C bonds. The weak peak at 399.8 eV indicated the presence of tertiary nitrogen N(C) 3 groups. In addition, the peak at 401.1 eV was attributed to the presence of amino groups (CNH) and the peak at 404.6 eV was assigned to the charge effects or the positive charge localization in heterocycles [40] . Additionally, the peaks for C N C bonds and N(C) 3 groups of CN-BA-2.0 sample were also slightly shifted, likely due to the formation of tri-s-triazine based covalent networks through BA doped CN [41] . Fig. 2D presents the high-resolution O1 s XPS spectra of CN-BA-2.0 and CN samples. A single peak was observed at 532.2 eV, which is in agreement with the CN-BA-2.0 and CN composition. This peak was due to the H 2 O groups adsorbed on the CN-BA-2.0 surface. A gradual increase in the C/N molar ratio from 0.805 for pristine CN to 0.814 for CN-BA-2.0 reveals the successful integration of BA rings into the CN network.
Solid-state 13 C NMR characterization
Solid-state 13 C NMR spectroscopy was used to further characterize the BA-doped CN, as shown in Fig. 3 . The spectrum clearly shows the appearance of a new broad peak at 97.9 ppm for the CN-BA-2.0 sample, which indicates that BA was doped in the CN-conjugated network but the heptazinc-based structure of CN did not change [42, 43] .
EPR characterization
EPR measurements were performed to investigate the electronic band structure of CN and BA-doped CN samples. Samples in dark or visible light irradiation show the presence of only one single Lorentzian line centered at 3146.3 G with a g-value of 2.0034 (Fig. 4) . This suggests the presence of well-defined semiconductor properties. The EPR signal intensity of CN-BA-2.0 is 1354, which is about 6 times higher than in CN (212). It was previously demonstrated that the efficient generation of photochemical radical pairs is highly beneficial in photocatalytic degradation reactions. Interestingly, an enhanced EPR signal was observed when CN and CN-BA were irradiated with visible light, indicating an efficient photochemical generation of radical pairs within the semiconductors.
N 2 adsorption-desorption isotherms characterization
N 2 adsorption-desorption measurements were carried to investigate textual properties of CN and CN-BA-2.0 samples. As show in Fig. 5 , samples exhibit a similar IV behavior with a H1 type hysteresis loop. In additional, the inset indicates that the BET surface area of CN-BA-2.0 (16.251 m 2 /g) is higher than in CN (10.469 m 2 /g). However, the pore size of CN-BA-2.0 (4.450 nm) was comparable with the undoped CN (4.458 nm). This suggests that the BET surface area and the pore size of pure CN were amplified and decreased, respectively upon doping. These structural modifications remarkably improved the photocatalytic activity respect to pure CN.
UV-vis DRS characterization
UV-vis DRS spectra of CN and CN-BA-X samples are shown in Fig. 6 . Interestingly, CN-BA samples show a higher light-absorption in the visible range respect to pure CN. This corresponds to a change of the powder color from bright yellow to deep orange (see inset in Fig. 6 ), suggesting that BA doping induced modifications could enhance the light-absorption in visible light region. 
SEM and TEM characterization
TEM and SEM analyses were applied to study the morphology and the microstructure of CN and CN-BA-2.0 samples. As shown in Fig. 7A , the SEM image of CN clearly show dense clumps and stacked massive particles, while the image of CN-BA-2.0 (Fig. 7B) shows that the sample is constituted of a looser lamellar structure, resulting in the enlarged surface area. Moreover, it can be clearly seen from TEM images of CN (Fig. 7C) and CN-BA-2.0 (Fig. 7D ) that dense stacks in CN skeleton transform into much thinner sheets structures after BA doping. 
Photocatalytic activity and stability of CN and CN doped of BA
The photocatalytic properties of CN and CN-BA samples were evaluated by studying the degradation of aniline in aqueous solution under simulated sunlight irradiation. Experimental results are reported in Fig. 8 . As shown in Fig. 8A , BA-doped CN samples showed a higher photocatalytic activity respect to CN; this may be resulted from the enhanced surface area and optical absorbance and the reduction of the recombination of photogenerated electron-hole pairs. Meanwhile, the CN-BA-2.0 shows the highest photocatalytic activity for the degradation of aniline. As the mass fraction of BA was increased over 2.0, a decrease in the photocatalytic activity of CN-BA was observed. The probable reason for this is that a too high BA doping could lead to higher recombination of photo-generated electron-hole pairs, which cancels the beneficial effect due to the higher surface area and wider optical absorbance. Fig. 8 B shows temporal absorbance spectra and optical chromogenic images of aqueous aniline which give a direct estimation of the aniline concentration within the solution. The typical absorption peak of the chromogenic aniline aqueous solution at 545 nm gradually decreases with the simulated sunlight irradiation time; this is associated with a gradual color change of the solution from dark purple to transparent.
To further investigate the photocatalytic reaction of degradation of aniline, the reaction kinetics of degradation of aniline was conducted, and the kinetic equation of aniline degradation shows a first-order kinetic model (Eq. (1)) according to the kinetic linear curves.
Where R is the degradation rate of the reactant (mg•L −1 •min −1 ), C and t represent the concentration of the reactant (mg•L −1 ) and the irradiation time, respectively. Meanwhile,k and K represent the reaction rate constant (mg•L −1 •min −1 ) and the adsorption coefficient of reactant (L•mg −1 ). While the Eq. (1) was changed the first-order kinetic model through simplified when the initial concentration (C 0 ) was very low. Specific as follow:
Where K app is the apparent first-order rate constant (min −1 ). As shown in Fig. 9A and 9B, the apparent first-order rate constant order of BA doped CN samples was CN-BA-2.0 > CN-BA-3.0 > CN-BA-1.0 > CN-BA-0.5 > CN-BA-0.2 > CN. It was found that CN-BA-2.0 shows the highest apparent first-order rate constant (0.02189 min −1 ), which is about 6 times higher than that of pristine CN (0.00293 min −1 ). Photo-electrochemical experiments were performed to investigate the ability of the as-prepared samples for photoinduced charge carriers generation and separation. It can be seen from Fig. 10A that pure CN exhibits lower photocurrent intensity than CN-BA-2.0 sample, indicating that there was efficient photoinduced charge generation after BA was doped into pure CN. Additionally, the higher photocurrent intensity indicates better separation efficiency of electrons and holes [44] . Therefore, the result clearly revealed that BA doped in CN framework can significantly enhance the separation of photo-generated electron-hole pair.
It is very important to evaluate the stability of photocatalysts for practical applications. Therefore, we carried out repeated photocatalytic experiments with CN-BA-2.0 for aniline degradation under the same conditions. As shown Fig. 10B , the photocatalytic activity of CN-BA-2.0 sample is slightly deactivated after five successive cycles of photodegradation of aniline, which indicates that the photocatalyst has good stability under simulated sunlight irradiation.
Free radical and hole scavenging experiments
In the photocatalytic oxygen process, a series of reactive oxygen species, such as • OH, • O 2 − , h + or H 2 O 2 were supposed to be involved. To distinguish the reactive oxy-radical, the trapping experiments and reactive radical qualitative detection were conducted. In the trapping experiment, isopropanol (IPA), N 2 and ammonium oxalate (AO) were served as the hydroxyl radical ( • OH) scavenger, superoxide radical ( • O 2 − ) scavenger and hole (h + ) scavenger, respectively [45] . It can be seen (Fig. 11A ) that the addition of IPA, N 2 and AO in the aniline solution has strong adverse effect on the photocatalytic activity of CN-BA samples, suggesting that • OH, • O 2 − and h + may be the main oxygen species in the photocatalytic oxygen process. The strongest hindering effect on the photocatalytic activity in those oxygen species is
suggesting that the • OH was generated from the independent reaction of • O 2 − or h + . For further understanding the photocatalytic oxygen process, the radical species were detected by the EPR test, as shown in Fig. 11 oxide the aniline directly. Therefore, according to the above discussion, the proposed photocatalytic mechanism of CN-BA was given and shown in Fig. 12 . Under visible light irradiation, the CN-BA was excited and could generate electron-hole pairs. The photo- 
Conclusion
The BA-doped CN nanostructure photocatalysts were successfully synthesized by copolymerizing dicyandiamide with barbituric acid (BA). The BA doped CN samples exhibited the improved morphology of nanostructure, suppressed recombination of the photo-generated electron-hole pairs and high sunlight absorption. These properties make the BA-doped CN samples as a high-efficient photocatalytic material to degrade aniline. The result of degradation aniline indicated that the best sample (CN-BA-2.0) shown the dyed aniline solution changed gradually from dark purple to white after 2 h under simulated sunlight (Xe lamp) irradiation. Meanwhile, the reaction rate constant of the best sample (CN-BA-2.0) increased 6-fold for photo-degradation of aniline compared to the pure CN sample. In photocatalytic oxidation reaction process, the • O 2 − / • OOH radical plays a key role and is favorable for the photocatalytic degradation of aniline. It is ensure that we provide a simple and practical route to improve the photocatalytic activity of pure CN through CN doped BA.
Author Contributions
L.L., ZH.C. and X.W. designed the experiments. L.L., Z.C., performed the fabrication experiments and electrochemical measurements. ZH.C. and X.W. supervised the project. L.L., QG.M., HQ.L., LL.S., YG.Z., Z.Z., ZH.C., MZ.Y., R.N., JM.L., GF.Z., and X.W. discussed the results, performed data analysis and contributed to 
